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Poggendorff illusion is attributed to be the consequence of the spurious enhancement of receptive field excitation, the lateral inhibition, the optical image blurring, the perceptual image distribution, the variation of reference standards, and depth processing.
The perceptual image distribution and the variation of reference standards are newly introduced for explaining the illusion. Rotation effect on illusion is explained on the basis that the physical horizontal and vertical are adopted in the physiological system for reference, thus it is more difficult to induce the illusion when the orientation is in either horizontal or vertical. between the inclined line and the horizontal.(A+B sin2 20 I) P sin2 0 I represents the easiness to induce the illusion with respect to rotation, and sin 40 represents the illusion when there is no inducing parallel lines.
In a previous paper (Chiang, 1968) , the Poggendorff illusion was explained on the basis of the optical image blurring in the retina, and other illusions of the crossing lines type have in turn been explained by the Poggendorff effect.
The result of optical blurring is that when two objects are presented to the eyes, the optical image of the objects on the retina do not quite correspond to the physical shapes of the objects, and the lines AC and BC (see Fig. 1 ) converge before they really reach the intersection points. Thus lines BC and EH seem to be misaligned. The contribution of the optical blurring to the illusion has been experimentally verified by Coren (1969) . However, many authors (for example Cumming, 1968; Pressey & den Heyer, 1968; Restle, 1969 , Fame, 1970 have pointed out that the optical blurring effect alone is insufficient to explain all the feature of the illusion. Von Bekesy (1967), Ganz (1966) and Blakemore, Carpenter and Georgeson (1970) have proposed lateral inhibition as a source for the illusion; Coren (1970) has shown that when possible sources of inhibitory interactions are removed, the illusion still remains. Gillam (1971) and Gregory (1963) have used the perspective theory to explain the illusion. Weintraub and Krantz (1971) have cited evidence that the stability of vertical and horizontal orientations, and assimilation towards the vertical or horizontal also contribute to
the illusions. Recently Walker (1973) assumes that the spurious enhancement of receptive field excitations near the intersection of the image lines on the retina contributes to the cortical determination of the geometry of two-dimensional figures. Chiang (1973a) has further used the concept of perceptual image distribution, and variation of reference standards, for the explanation of the Poggendorff illusion. The purpose of this paper is to explore the Poggendorff illusion in more detail and to propose an equation to explain quantitatively the available data.
Perceptual Image Distribution When physical objects are presented to the eyes, optical images are formed on the retina. These optical images are then projected onto the perceptual space via nerve impulses, and these impulses are also interpreted as physical objects located at points in physical space. The positions of the objects in physical space and the positions of the objects in perceptual space maintain certain projection relationships, which may not be unique. Fig. 2 shows the projection relationship between physical and perceptual space. The horizontal axis represents the position and the vertical axis represents the probability of finding or perceiving the objects at that position. The projection function between physical and perceptual space is assumed to be normal distribution. Thus there is a finite probability of perceiving the objects in some position of perceptual space for which there are no physical objects at the corresponding positions in physical space; thus, the perceived position of the physical object is not unique, and fluctuates around the corresponding physical position.
If two objects are well separated as shown in Fig. 2a , the perceptual images of (A) (B) FIG. 2. The projection relationship between the physical space and the perception space. An object fixed in the physical space may be perceived to locate in different position in the perception space. (a) When the separation between two objects is large, there is no interaction in the perception space. (b) When the separation between two objects is small, there is interaction in the perception space such that the maximum probability positions shift to each other. these two objects show no mutual interaction; however, if two objects are close enough as shown in Fig. 2b , then these two perceptual images are coupled to each other. With the superposition of two individual probability distribution, the position of each maximum probability for perceiving the object shifts toward each other. Thus, the perceived distance between the two objects decreases. Many illusions may be explained by this principle. In this paper, we confine our attention to the Poggendorff illusion.
Factors Influencing the Poggendorf Illusion
Spurious enhancement of receptive field excitations. Walker (1973) assumes that the spurious enhancement of receptive field excitations near the intersection point of the image lines on the retina contributes to the cortical determination of the location of the intersection lines. This enhancement causes a shift of the lines, thus producing the illusion. The amount of illusion resulting from this factor can calculate to be, in terms of the displacement of two noncollinear lines, as (Walker, 1973) (1) Walker (1973) has shown that Eq.(1) fits to his experimental data (variation of 0) very closely, also, Weintraub and Krantz (1971) have also shown that the illusion varies linearly with cot 8.
Lateral inhibition. Blakemore, Carpenter and Georgeson (1970), von Bekesy (1967) and Ganz (1966) have proposed lateral inhibition as the source for illusion; due to the neural interaction, the location of two neighboring lines may shift. Ganz supposes the lateral inhibition effects arise at the retina level, while Blakemore, Carpenter and Georgeson suppose these to occur at the cortical level. However, Walker (1973) has pointed out that the proposed lateral inhibition should produce a reversed illusion. If this is the case, the amount of illusion produced by lateral inhibition could similarly be calculated by Walker's method (1973) to be 
where Kb(0) is of the same form as Eq. (3). The elimination of this factor has been shown by Coren (1969) and Imai (1973) to decrease the amount of illusion. Perceptual image distribution (Chiang, 1973 a) . From this principle, line AC and line BC will interact when they approach close enough (it is not necessary for them to intersect).
The interaction will be such that the lines AC and BC will shift toward each other near the intersection point C. However, there is no interaction between point A and point B, because the distance between them is large. Thus the acute angle looks perceptually larger, and for this kind of illusion, I, would also be
where K, is of a form as Eq. (3). This effect is operative even if line AC and line BC do not intersect. From this principle, it predicts that the illusion will decrease gradually with the separation between the transversal and parallel lines. This is indeed shown to he true by Imai (1973) .
Variation of reference standards (Chiang, 1973a) . One judges the orientation of the lines by some standards stored in memory. However, when the lines are blocked by some other strong signals such as the two parallel lines in Poggendorff figure, the original orientation standards are overshadowed and the two parallel lines are used as orientation standard.
Line BE intersects the two vertical lines at point C and point H, and since point C is physically higher than point H, the notion of point C being higher than point H is " associated " and " transfered " to the notion that line EH and line BC are misaligned with point C being shifted upwards and point H downwards. This " association " and " transfer " process is similar to that involved in " association" of a meaning to a symbol or a language. The magnitude of misjudgment I,. is proportional to the vertical distance h between point H and point C, namely, Ir=Krh=Krd cot ƒAE,
where Kr is a constant. Pressey and Sweeney (1972) have argued that in judging the collinearity of the transversal lines, the subject projects a series of obliques; because of " differential attention",the shorter obliques are weighted more heavily than the longer obliques, thus the transversal assimilates to the parallel lines and gives rise to the illusion. That argument implies that if we change the attention, this process can be reversed. This does not seem to be true, thus we prefer to omit the argument that it is due to the differential attention which gives rise to the illusion, rather, we simply argue that it is due to the fact that the point C locates above the point H along the parallel lines, which erroneously gives rise to the illusion according to Eq.(7).
From this principle, it predicts that any factor which could influence the extent of the reference standard will effect the illusion. Thus, the illusion will depend on the thickness and the contrast of the parallel lines, both of which can effect the extent of the blocking and reference. Imai (1973) has indeed shown that thickening the parallel increases the illusion. Weintraub and Krantz (1971) have shown that lowering the contrast decreases the illusion. Thus Kr is a function of thickness and contrast.
From the data of Weintraub and Krantz, we can write Kr= K,'(1--e-TI'), where Kr' and r are constant and A is the contrast.
Depth processing. Gillam (1971) has used the depth processing theory to explain the illusion. Under ordinary condition, this contribution may not be very much, however, with a strong three-dimensional cue, the contribution may be significant. The illusion due to this factor may also approximate to be Id=Kdd cot ƒAE. 
Eq. (10) is consistent with the rotation data of Bouma and Andriessen (1970) , Weintraub and Krantz (1971) .
Orientation Change of Isolated Line Segments Goldstein and Weintraub (1972) have proposed that the Poggendorff illusion is due not only to the angle expansion, but also due to the orientation change of the tilted line. The transversal appears to be either more horizontal or vertical, depending on which one is nearer. Earlier, Bouma and Andriessen (1968) have also shown that the tilted line without the inducing parallel lines also appears to be closer to either horizontal or vertical, the amount of variation has been shown to be proportional to sin 40. Incorporating this factor to the Poggendorff illusion, the total illusion is (11) Coren (1970) has also shown the method to eliminated the possible sources of inhibitory interactions Ki and thus can estimate the value of K1. The effect of depth perception Kd can be estimated by subjecting the Poggendorff figure with strong three-dimensional cues. Some modified Poggendorff figures as presented in Fig. 4 show different amount of illusion (Restle, 1969; Pressey & den Heyer, 1968) Fig. 5 for K'=1, K= 0.3, B' =4 together with the data taken from Walker's paper (1973) . It can be seen that the theoretical curve and experimental data fit pretty well. It is hoped that further experiments can be conducted systematically to obtain the exact value of the coefficients in Eq.(11).
